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a  b  s  t  r  a  c  t
Hypoeutectic  gray  cast  iron  of  composition  Fe–2.6  wt%C–1.5  wt%Si,  speciﬁcally  developed  as  a  thixo-
formable  raw  material,  was  prepared  via  conventional  casting  in sand  molds.  Samples  were  heated  to the
semi-solid state  at 1160  and  1180 ◦C and  held  at these  temperatures  for 0,  30,  90  and  120  s to study  their
morphological  evolution.  Tests  reveal  that  heating  to the  semi-solid  range  changes  the morphology  of  the
graphite  from  A  to  B  type,  but does  not  signiﬁcantly  affect  interdendritic  arm spacing  between  graphite
lamellae.  The  resulting  structure  is composed  of  ﬁne  graphite  and  pearlite.  Two  platen  compression  testseywords:
errous alloys
emi-solid processing
hixoforming
heological behavior
icrostructure
were also  carried  out  in  an  instrumented  eccentric  press  to  examine  the  material’s  semi-solid  behavior
at the  same  temperatures  and  holding  times.  The  tests  indicated  that the semi-solid  cast  iron  behaves
like  aluminum–silicon  alloys,  presenting  a stress  of  up to 24  MPa  under  80%  strain  and  a corresponding
apparent  viscosity  of  up to  1.5 × 105 Pa s  at 1180 ◦C.
© 2012 Elsevier B.V. Open access under the Elsevier OA license. 
rain growth
. Introduction
The possibility of processing cast iron in the semi-solid state
SSM) was ﬁrst put forward in 1976 by Dr. Merton Flemings and
olleagues in their groundbreaking paper “Rheocasting Processes”.
espite this early beginning, SSM technology applied to iron-based
lloys remained relatively underexplored until 1992, when several
apers were presented at the 2nd International Conference on the
rocessing of Semi-Solid Alloys and Composites, with special focus on
btaining raw material such the paper of Murakami et al. (1992).
 few years later, Yoshida et al. (1996) presented the ﬁrst paper
xplaining the semi-solid behavior of cast iron in the semi-solid
ange, followed by several papers about die ﬁlling (Qiu et al., 2000;
omura et al., 2001; Muumbo and Nomura, 2002). Kapranos et al.
resented in 1998 the ﬁrst trial to produce a small ductile cast iron
ear in the semi-solid state.
In 2003, Tsuchiya et al. presented the most complete paper on
his subject, ranging from the production of raw material to the
emi-solid process, as well as the ﬁnal mechanical properties of
he thixoformed product, demonstrating the potential of this tech-
ology. Several recent papers have demonstrated the ﬂuidity of
ray cast iron in the semi-solid range, including the development
f semi-solid ductile cast iron – Pahlevani and Nili-Ahmadabadi
2004); the ﬂow analysis of semi solid processing as its ﬂuidity
nd mechanical properties – Ramadan and Nomura (2005) and
∗ Corresponding author. Tel.: +55 19 35213296; fax: +55 19 35213722.
E-mail address: zoqui@fem.unicamp.br (E.J. Zoqui).
924-0136©  2012 Elsevier B.V. 
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Open access under the Elsevier OA license. Ramadan et al. (2011),  as well as the effect of the semi-solid pro-
cessing on solidiﬁcation microstructure and mechanical properties
of gray cast iron – Ramadan et al. (2006).
Numerous papers discuss raw material production and/or semi-
solid processing, but few address semi-solid behavior in terms of
morphological evolution in the semi-solid state, and the material’s
corresponding viscosity. The thixoforming process involves heating
a material in the semi-solid range, followed by forming. A bet-
ter understanding of this process can be gained by evaluating the
morphology and rheological behavior of material in this tempera-
ture range. This paper aims to help ﬁll this gap by discussing the
thermodynamic aspects of thixoformability and offering a detailed
description of the speciﬁcation of the chemical composition chosen
for the alloy, and of its morphological and rheological characteri-
zation.
2. Experimental procedure
As explained in previous papers, it is important to note that the
methodology adopted here is the same as that reported earlier for
aluminum–silicon alloys that could be seen at Zoqui et al. (2004)
and/or Paes and Zoqui (2005).  This methodology involves char-
acterizing the as-cast structure to map  the expected phases, the
solid-to-liquid phase transition, the morphological changes that
occur in the semi-solid state, and the resulting rheological behavior.Firstly, the raw material was  simulated using Thermo-Calc®
software to design a chemical composition that would provide
40–50% liquid after the eutectic phase was melted. This sim-
ulation resulted in a composition of Fe–2.6 wt%C–1.5 wt%Si or
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Nomenclature
List of symbols
SSM semi-solid metal
CE carbon equivalent
fS fraction of solid
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pproximately 3.1 wt%CE. Fig. 1 shows the probable phase dia-
ram, taking into account the effect of 1.5 wt% silicon. As expected,
 structure composed of ferrite ( phase) plus cementite (Fe3C),
n fact pearlite plus , and graphite is formed at room tempera-
ure. This is the classical structure of the Fe–C phase diagram. When
his particular cast iron is heated to the semi-solid range, the dia-
ram indicates that pearlite transforms into austenite () between
58 and 786 ◦C (highlighted in dark blue). From 786 to 1138 ◦C, the
aterial shows the presence of  plus carbon graphite and MnS  pre-
ipitates. From 1138 to 1144 ◦C, the diagram shows the coexistence
f , graphite and liquid phase with a quasi-eutectic composition
nd MnS, which dissolves above 1144 ◦C. The composition between
144 and 1150 ◦C consists of completely melted graphite–iron rich,
nd from 1150 to 1281 ◦C the iron carbon-rich liquid phase and the
 phase coexist in the dissolution process. The liquidus temperature
s expected to be 1281 ◦C. The ideal semi-solid range, and hence the
hixoforming range, lies within the latter range, i.e., 1150–1281 ◦C
highlighted in pink). At the temperature of 1150 ◦C is expected,
ccording to phase diagram, the presence of 40% of liquid with com-
osition of Fe–3.8 wt%C–1.5 wt%Si and 60% of solid phase () with
omposition of Fe–1.8 wt%C–1.5 wt%Si.
Thus, 1000 kg of cast iron was produced using 200 kg of pig iron,
50 kg of gray cast iron scrap (GG 25) and 150 kg of AISI1020 steel
crap. The melt was homogenized at 1480 ◦C in an 8 kHz, 350 kW
nduction furnace. A grain reﬁner (3.5 kg) and aluminum/calcium
ilicate inoculants were also used. The alloy was poured into
5 mm diameter, 250 mm high sand cast molds. The initial and
nal pouring temperatures were 1415–1380 ◦C (100 ◦C above liq-
idus temperature) and the cooling time prior to demolding was
 h. Lastly, the resulting ingots were blasted with ASTM n. 430
teel shot. It should be noted that this particular raw material
as not produced by any semi-solid production method, such as
lectromagnetic stirring of the molten metal found in Zoqui et al.
2004) and Paes and Zoqui (2005),  mechanical stirring presented
y Pahlevani and Nili-Ahmadabadi (2004) or the cooling plate
ig. 1. Phase diagram of hypoeutectic cast iron, showing the composition
Fe–2.6 wt%C–1.5 wt%Si) designed by Thermo-Calc® simulation software.Fig. 2. Transition of Fe–2.6 wt%C–1.5 wt%Si alloy from solid to liquid phase, accord-
ing to Thermo-Calc® simulation and the experimental DSC technique.
technique presented by Ramadan and Nomura (2005) and Ramadan
et al. (2011).
Table 1 lists the chemical composition of the hypoeutectic cast
iron produced. As can be seen, the material was  produced within
the range of the designed chemical composition. The material was
characterized using an IBM model 007 spectrophotometer.
2.1. Characterization of the semi-solid transition
The solidus and liquidus temperatures were determined by two
methods: (a) by the DSC technique, using a Netzsch STA 409C
thermogravimeter (at heating rates of 10, 15 and 20 ◦C/min). The
transition from solid to liquid phase should be proportional to the
endothermic liquefaction process, i.e., the liquid fraction can be
calculated from the partial integral of the area under the endother-
mic  curve; and (b) by Thermo-Calc® simulation software. In this
case, the evolution from solid to liquid phase was examined using
the Scheil model to determine the liquid fraction as a function of
temperature. The goal was  to reach a temperature corresponding
to approximately 40% and 50% of solid fraction. Fig. 2 shows the
characterization of the transition.
The temperature ranging from 1050 up to 1150 ◦C highlights the
melting of the complex eutectic iron carbon-rich and MnS precipi-
tates. Above this temperature one ﬁnd the melting of the remaining
 phase.
Based on the Thermo-Calc® diagram (Fig. 1), the Scheil phase
transformation method, and differential scanning calorimetry
(DSC) (Fig. 2), two sets of temperatures were chosen for the thixo-
formability tests: 1160 and 1180 ◦C. These techniques presented
consistent results, i.e., an inﬂection in the transition curve occurred
at approximately 1150 ◦C, indicating the liquefaction of the eutec-
tic phase. However, the dissolution of the  phase according to the
Thermo-Calc® simulation is less sensitive to temperature changes
than by the DSC technique.
In another groundbreaking paper, authors Liu et al. (2005) estab-
lished the thermodynamic thixoformability criteria commonly
adopted for aluminum–silicon alloys: (a) “the highest knee on the
liquid fraction vs. temperature curve should occur between 30 and
50% liquid”; (b) “the sensitivity of the liquid fraction at 0.4 liquid
fraction ((dfL/dT)fL=0.4) should be as low as possible” (the authors
−1 ◦ −1suggest less than 0.03 K or 0.03 C ), and (c) “to prevent hot
tearing, the solidiﬁcation interval, i.e., the temperature interval
between the liquidus and solidus temperature, should be not be
too wide” (the authors suggest less than 130 K, or 130 ◦C). However,
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Table  1
Chemical composition of the hypoeutectic cast iron (in wt.%).
Alloy Ca Si Mn  P S Othersb
Alloy design 2.60 ± 0.20 1.50 ± 0.20 ≤0.50 ≤0.10 ≤0.05 ≤0.30
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a Note: equivalent carbon: 3.12 wt%CE.
b Note: residual elements such as Ni, Cr, Cu, Mo.
he present case requires some modiﬁcations of these criteria. Com-
on  cast iron possesses a dendritic structure instead of the typical
ne dendritic and/or globular structure found in aluminum thixo-
ormable materials. A larger amount of liquid phase may  therefore
e necessary for the thixoforming process.
Is important to notice that most of the semi-solid materials
re composed by combination of a primary phase and the eutec-
ic phase. Therefore the melting process occurs with the melting
f the eutectic followed by the melting of the primary phase. The
knee” highlights the transition temperature were the eutectic will
ecome completely liquid. The eutectic reaction, although is very
nstable, characterized by the competitive growth of two  phases.
mall changes in temperature cause signiﬁcant change in the solid
mount. The melting of the primary phase is more controllable,
ere small changes in temperature causes little changes in the
olid/liquid proportion, e.g., thixoforming of the A356 usually takes
lace at a temperature just higher the knee: the usual thixoform-
ng temperature for the A356 alloys is 580–582 ◦C while the “knee”
ccurs at 560–564 ◦C. Liu et al. (2003) tested the thixoformability
f the A356 from 574 up to 581 ◦C. In the present case the tem-
eratures of 1160 and 1180 ◦C aim to supplant the melting of the
utectic. In order to apply this technology in the industry is neces-
ary to reach a temperature corresponding to a more controllable
ange.
Another point concerning to the most important criterion, “liq-
id fraction sensitivity,”  deﬁnes the stability of the process. In the
resent case, this stability should be considered at the target tem-
erature rather than in a constant range. According to the proposed
riteria, the knee position occurs within the 0.4–0.6 interval of the
iquid fraction. Thus, Table 2 shows the proposed modiﬁcation of
he criteria, as well as the data found for the present case. The
ast iron tested exhibits very low sensitivity: a change of ±10 ◦C in
he thixoforming processing temperature will generate only ±2.5%
f solid, according to Thermo-Calc®, and approximately ±6.3%
average) according to DSC. The stability of the process is highly
ependent on the material’s sensitivity; hence, the raw material
s very stable in the semi-solid range, facilitating the processing.
able 2
riteria for the thermodynamic evaluation of thixoformability.
Liu’s criteriaa Proposed cri
Knee position 0.30–0.50 0.40–0.60b
Sensitivity dfL/dT  At 40% liquid: 0.030 ◦C−1 At 1160 ◦C: 0
Sensitivity dfL/dT  At 40% liquid: 0.030 ◦C−1 At 1180 ◦C: 0
Solidiﬁcation interval <130 ◦C <130 ◦C 
a Note: reference Liu et al. (2005).
b Note: there is no identiﬁable knee formation at this heating rate.0.32 0.05 0.008 0.024
In the original paper, the main concern of Liu et al. (2005) were
focused on the difference temperature from skin to core in semi-
solid to prevent the collapse of the billet. But this criterion is greater
than this. The industrial process is dependent upon the stability
of the material in the semi-solid state, and the sensitivity (dfL/dT)
criteria shows how easily controllable is a raw material in the pro-
cess. Despite this, modern controlled heating systems as shown by
Kang et al. (2003) can provide homogeneous temperature within
the billet.
Finally, only the solidiﬁcation interval should be considered
higher than the recommended one. This effect should be further
studied, but as thixoforming implies solidiﬁcation under compres-
sion stress, the hot tearing phenomenon can be prevented.
2.2. Morphological evolution
To study the morphological evolution, 30 mm high ×30 mm
diameter samples were heated from room temperature to the semi-
solid state at 1160 and 1180 ◦C in approximately 11 min, applying a
heating rate of 110 ◦C/min, in an 8 kHz 25 kW Norax induction fur-
nace. The samples were held at these temperatures for 0, 30, 90 and
120 s, after which they were cooled in air. The 0, 30, 90 and 120 s
holding times were chosen due to industrial processing, which is
time-dependent rather than temperature-dependent. Raw mate-
rial is usually processed by heating for 10–13 min  using a timer
system; therefore, depending on its size and mass, the material may
reach the desired temperature at 10 min  or at 13 min. Studying pos-
sible morphological variations in this time range means studying
the best and worst scenarios for thixoforming.
2.3. Characterization of the morphological evolution
The original structures and the heat-treated samples were char-
acterized to quantify the ferrite (), pearlite (+ Fe3C) and graphite
(G) phases, and determine the mean size of the graphite lamel-
lae and the interdendritic arm spacing (distance between graphite
lamellae). All the samples were sectioned longitudinally, inset in
teria Cast iron
TC® 0.52
DSC at: 10 ◦C/min 0.59
15 ◦C/min 0.52
20 ◦C/min Notea
.030 ◦C−1 TC® 0.0025 ◦C−1
DSC at: 10 ◦C/min 0.0078 ◦C−1
15 ◦C/min 0.0058 ◦C−1
20 ◦C/min 0.0081 ◦C−1
.030 ◦C−1 TC® 0.0025 ◦C−1
DSC at: 10 ◦C/min 0.0126 ◦C−1
15 ◦C/min 0.0085 ◦C−1
20 ◦C/min 0.0071 ◦C−1
TC® 242 ◦C
DSC at: 10 ◦C/min 98 ◦C
15 ◦C/min 175 ◦C
20 ◦C/min 187 ◦C
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tFig. 3. As cast structure of the Fe–2.6 wt%C–1.5 wt%Si: (a) and (c) g
akelite, sanded with 220, 320, 400, 600 and 1200 grit sandpa-
er, and polished ﬁrst with 6 m and then with 1 m diamond
aste. The polished samples were then etched using Nital 5%
HNO3 in ethylic alcohol at 5 vol%). The etched samples were
insed under running water for about 30 s and dried. The metallo-
raphic analysis was performed in a Leica DM IL optical microscope.
he interdendritic arm spacing (IAS), i.e., the primary particle
ize, was measured by the Heyn intercept method, according to
he ASTM E112 (1996) standard. The primary particles/globules
ere counted in different ﬁelds on each micrograph, using 12
mages (minimum) recorded from different sections of each sam-
le.
.4. Characterization of semi-solid behavior
Compression tests were performed in an instrumented eccentric
ress, using the aforementioned solid fractions and holding times.
 load cell 1-S40/10T S type, sensitivity 3 mV/V, 0.05% precision
nd maximum load of 10 Ton (98 kN) was adapted at the plunger
f the press, as well as, a Micro Epsilon LVDT VIP-200-ZA-2-SR7-I,
ear-free inductive displacement sensor (linearity ±0.2%), mea-
urement displacement device. Both signals were captured by a
ational Instruments USB 6210 Data Acquisition System. A special
abview® software was developed to acquire and record the data
f force (F in N), time (in ms)  and position (in m)  at a 5000 data/s.
he AISI H13 steel platens were heated to 200 ◦C. Samples 30 mm
all (H0) and 30 mm diameter were heated in the Norax induction
urnace and placed in the center of the two platen test systems.
ompression testing was carried out with the classical Laxmanan
nd Flemings (1980) compression platens test, that used a 12.5 mm
iameter and 6.25 mm high Sn–15 wt%Pb samples and assumes Newtonian behaviour. The high compression rate (ıH/ıt)) used
ere, without any lateral constraint, reduced the test to less than
 s. The results were plotted as force (F) vs. instant position in a time
 (H in m)  and transformed into stress (MPa) vs. strain (%), usinge A type morphology and (b) and (d) pearlite and ferrite structure.
the following equations (Laxmanan and Flemings, 1980; Paes and
Zoqui, 2005):
 =
(
FH0
V
)
(1 − e) = FH
V
(1)
e = 1 − H
H0
(2)
as well as apparent viscosity () vs. shear rate ˙ (Laxmanan and
Flemings, 1980; Paes and Zoqui, 2005):
 =
(
8F
3V2
)(
1
H4
− 1
H40
)−1
t (3)
˙ = −
(√
V

)(
ıH/ıt
2H2.5
)
(4)
where  is the apparent viscosity (Pa s), F is the force or load (N)
at time t (s), V is the sample’s volume (m3), which is considered
constant, H is the instantaneous height (m), and H0 is the initial
height (m).
3. Results
Conventional casting of the hypoeutectic cast iron
(Fe–2.61 wt%C–1.54 wt%Si–0.32 wt%Mn–0.05 wt%P–0.008 wt%S)
in a sand mold produced the expected dendritic structure of
pearlite–ferrite phases surrounded by graphite lamellae typical of
gray cast iron. Fig. 3 presents the structure with and without chem-
ical etching. The purpose is to show the morphology of the graphite
as well as the structure and distribution of the ferrite–pearlite
phases, although the dendritic morphology is not clearly visible
in Fig. 3a and c. The primary phase is surrounded by graphite
ﬂakes in the areas presumed to be the boundaries of the primary
and secondary dendritic arms, characterizing a type “A” graphite,
or interdendritic segregation without preferred orientation. This
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s the most desirable type of graphite in a gray cast iron, which
etermines its best possible mechanical properties.
The size and distribution of the graphite should be mapped
n order to understand the material’s semi-solid behavior. During
he heating stage that precedes the forming operation, liquefac-
ion will begin in this phase (normally called secondary phase
n thixoforming operations), and will continue as the primary 
hase is consumed with increasing temperature. A ﬁne and well
istributed graphite at the interdendritic boundaries will lead to
 semi-solid structure with the resulting liquid phase wetting the
olid phase homogeneously, facilitating its detachment and form-
ng the desired solid globules immersed in liquid phase. An earlier
aper described this phenomenon, which occurs even in a dendritic
tructure, as shown in the Al–4.5 wt%Cu system shown before by
oqui and Robert (2001),  as follows: “Coarsening and coalescence
echanisms during dendritic solidiﬁcation have been widely stud-
ed, and they are basically the same in the rheocast treatment. In
he present case (Al–4.5 wt%Cu), liquid phase is formed around the
 phase by melting of the eutectic, and the solid tends to take on a
lobular shape to reduce internal surface energies. As the eutectic
hase is present not only in grain boundaries in the as-cast structure
ut also at dendritic boundaries, the globularization of individual or
mall groups of dendrites is possible. Because the dendrites, now
lobules, maintain their orientation, the result is the presence of
ore than one globule within the grain in the rheocast material”.
The grain structure of hypoeutectic cast iron is not clearly visible,
ut essentially, the segregation of carbon during the solidiﬁcation
rocess causes the graphite to cluster around the dendritic arms
nd at grain boundaries in a less obvious way than in aluminum
lloys, in which the presence of silicon and/or copper is visible
t grain boundaries. Thus, the same globularization phenomenon
hould occur.
Fig. 3b and d shows the etched structure. As can be seen, the
tructure contains almost 90% pearlite with a few small areas of
ree  phase. Although the pearlite is not homogeneous, in some
reas the eutectoid presents a very ﬁne distribution of  + Fe3C and
n some restricted areas a free coarse  with an average size of less
han 10 m and Fe3C lamellae. Note that the raw material used in
his work, with no special preparation, presented a cast microstruc-
ure similar to that obtained by Ramadan et al. (2006),  although
he cooling plate technique used by the author produced a more
uitable material for thixoforming.
Figs. 4 and 5 illustrate the morphological evolution of
e–2.6 wt%C–1.5 wt%Si heated to the semi-solid state at 1160 ◦C
nd 1180 ◦C for holding times of 0, 30, 90 and 120 s. The amount
f liquid phase formed even at the lowest temperature sufﬁced to
romote some degree of globularization. For brief holding times,
.g., 0 s, the random distribution pattern of the graphite that was
isible in the as-cast structure (Fig. 3a and c) became more well-
eﬁned, with the graphite more likely to be arranged in small
lusters, changing the initial morphology from type “A” to “E”, i.e.,
nterdendritic segregation with preferred orientation. Albeit differ-
nt from aluminum–silicon alloys as shown by Zoqui et al. (2004),
his secondary phase does not completely surround the area of the
rimary phase, and does not clearly show the detachment of indi-
idual solid particles. In this case, the interdendritic arm assumes
 quasi-globular shape and the graphite morphology changes vis-
bly, showing increased length increasing and smaller thickness,
articularly in the 1160 ◦C processing condition.
At longer holding times, e.g., 30, 90 and 120 s, the presence of liq-
id phase and diffusion mechanisms seems to favor primary phase
ettability, with the resulting morphology of the graphite chang-ng from type “E” to “B”, which combines interdendritic segregation
ith preferred orientation and small rosette-shaped clusters of ﬁne
raphite closer to the eutectic morphology. Longer holding times,
hich also lead to the formation of more marked globular shapes, Technology 212 (2012) 1225– 1235 1229
particularly at 30 s, are expected to promote coalescence. In conclu-
sion, heating to the semi-solid state causes: (a) liquefaction of the
eutectic graphite-rich, (b) globularization of the primary  phase,
(c) detachment of solid particles, and (d) further coalescence as the
temperature remains high.
At 1160 and 1180 ◦C, Thermo-Calc® predicts 54 and 59% of liq-
uid phase, respectively, while the DSC technique predicts 58 and
75% of liquid phase. The two techniques are consistent at 1160 ◦C,
but show a signiﬁcant difference at 1180 ◦C. DSC implies in a higher
amount of liquid phase, inevitably leading to several differences in
semi-solid behavior due to the formation of a higher liquid frac-
tion; however, this expected difference was  not clearly observed
in the metallographic analysis. The samples heated to 1180 ◦C only
“appeared” to be more globular. However, the graphite morphol-
ogy changed, becoming even ﬁner, with diminished particle length
and thickness, except at brief holding times, i.e., ﬁner and more
homogeneously distributed graphite particles around the primary
phase, with a very ﬁne dendritic morphology. This is an indication
of the phenomena known as “secondary growth,” i.e., the growth
of dendrites on the surface of the primary solid particle during ﬁnal
cooling after the semi-solid operation, allowing for the presence of
a higher amount liquid phase.
This ﬁnding leads to the conclusion that Thermo-Calc® software
may  be less reliable in determining the correct semi-solid tem-
perature. Thermo-Calc® is essentially a thermodynamic prediction
package with no kinetics incorporated, and in the present case no
adjustments were done.
Despite the DSC appears to be more reliable, the maximum heat-
ing rate used, 20 ◦C/min, is signiﬁcant lower than the used in the
experiments, ∼100 ◦C/min. Further experiments will be necessary
in order to determine the effect of the heating rate over this partic-
ularly material.
However, the metallographic analysis of the non-etched sam-
ples indicated that, even at brief holding times (e.g., 30 s), the
graphite became ﬁner than the as-cast structure. In fact, the
graphite assumed the “expected” globular shape in the semi-solid
range. In other words, the higher the temperature and the longer
the holding time the more “globular” the structure.
The photomicrographs of the etched samples clearly show that
the sequence of heating to the semi-solid state and cooling to
room temperature changed the pearlite structure. Instead of the
expected coarse eutectoid resulting from the carbon diffusion phe-
nomenon, the structure became ﬁner. At 500× magniﬁcation it is
difﬁcult to observe the lamellar structure of  + Fe3C. This may be
attributed to the cooling process, since the thixoformable material
was allowed to cool naturally from high to room temperature. The
structure shows graphite, ﬁne pearlite and traces of  surrounding
the graphite structure. The ﬁner eutectoid structure also explains
the diminished amount of free graphite in the material. This ﬁne
pearlite structure is expected to show higher hardness, and hence,
poor machinability but good surface roughness.
The structure was  also characterized by quantitative metal-
lography to determine its interdendritic arm spacing (IAS), its
“presumably globular” shape, the graphite particle size, and the
graphite, ferrite and pearlite contents. Table 3 lists the data
obtained from the metallographic analysis. The IAS was  used here as
input for the quantitative analysis to determine the globularization
process in terms of size of the heated structure, since the heating
process to the semi-solid state essentially liqueﬁes this boundary
ﬁrst, causing the remaining solid phase to become globularized.
The dendritic structure creates a skeleton that interconnects the
remaining solid; thus, the quantity of graphite and its distribution
determine the viscous properties of these materials in the mushy
zone. A very ﬁne and well distributed graphite phase facilitates
the wettability of the solid phase and the consequent detachment
of solid particles that destroy this skeleton. Fine solid particles
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cFig. 4. Fe–2.6 wt%C–1.5 wt%Si heated to the semi-so
n a carbon-rich liquid phase are expected to present low viscos-
ty.
It should be noted that, from the industrial standpoint, the most
esirable behavior is morphological stability in the semi-solid heat
reatment. Minor changes in morphology may  result in signiﬁ-
ant differences in semi-solid behavior, as demonstrated in earlier
eports (Zoqui et al., 2004; Paes and Zoqui, 2005). Table 3 shows
hat there was fortunately no statistically signiﬁcant variation in
he proportion of graphite, ferrite and pearlite during the heat treat-
ent. These phase proportions are much more dependent on the
ooling process than on the semi-solid treatment. The data alsote at 1160 ◦C for holding times of 0, 30, 90 and 120 s.
indicate that there was no signiﬁcant difference in the interden-
dritic arm spacing (IAS), the “correct globular shape, in the semi-solid
range.” Although the average IAS increased from the as-cast to the
0 s heated structures, and decreased at 30, 90 and 120 s of hold-
ing time, the high standard deviation indicates that, statistically,
the IAS was the same. In fact, the only aspect that changed, albeit
still within the statistical interval, was the graphite particle length.
Despite the high standard deviation, all the samples showed short-
ening of the graphite particle length. The gray cast iron used here
showed an inhomogeneous structure, which explains the abnormal
standard deviations in all the quantitative data.
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t
w
hFig. 5. Fe–2.6 wt%C–1.5 wt%Si heated to the semi-sol
Fig. 6 shows the stability of the phase proportions in the
icrostructures of samples heat-treated at 1160 ◦C (Fig. 6a) and at
180 ◦C (Fig. 6b). The proportion of graphite remained completely
nchanged in response to heat treatment at both temperatures,
lthough, notwithstanding the statistical error, the proportion of
errite increased in response to long holding times. Albeit not sta-
istically proven, the presence of ferrite appears to follow a pattern,
ith higher amounts of  at longer holding times.
Fig. 7a shows interdendritic arm spacing (IAS) as a function of
eat treatment temperature. The average IAS remained unchangedte at 1180 ◦C for holding times of 0, 30, 90 and 120 s.
at the two  temperatures, also indicating the structure’s good sta-
bility, i.e., the “presumably globular” presented the same ﬁnal size.
In Fig. 7b, the average graphite particle size appears to decrease
with increasing holding times, although the high standard devia-
tion does not allow for a deﬁnitive conclusion. In fact, graphs (a)
and (b) both suggest a stable process. This is an important fea-
ture for industrial applications, in which this process is effective
from the commercial standpoint. Since the heating process is time-
controlled, short periods of soak time in the semi-solid range were
expected in the thixoforming process. Primary particle coarsening
1232 A.S. Roca et al. / Journal of Materials Processing Technology 212 (2012) 1225– 1235
Table  3
Quantitative metallographic analysis of the Fe–2.6 wt%C–1.5 wt%Si.
Condition Time (s) Graphite type Phase microstructurea Interdendritic arm
space (m)
Length of
graphite (m)
Predominant G (%)  (%) P (%)
As-cast A 7.5 ± 1.1 5.3 ± 2.7 87.2 59.1 ± 63.2 57.5 ± 56.2
Heated  1160 ◦C 0 E 5.5 ± 1.1 2.8 ± 1.0 91.7 74.8 ± 78.0 32.6 ± 32.6
30 B  6.3 ± 1.2 6.6 ± 2.0 87.0 54.9 ± 65.7 32.2 ± 32.1
90  B 8.0 ± 1.4 4.0 ± 2.1 88.0 42.4 ± 48.8 31.2 ± 40.6
120  B 6.9 ± 1.8 11.4 ± 2.4 81.7 50.0 ± 54.9 27.0 ± 26.9
Heated  1180 ◦C 0 E 7.0 ± 1.5 4.2 ± 1.2 88.9 64.5 ± 74.7 45.4 ± 46.3
30 B 7.2 ±  1.4 3.0 ± 1.4 89.8 59.0 ± 72.4 34.8 ± 34.8
90  B 5.9 ± 1.4 1.1 ± 0.5 93.0 62.4 ± 70.0 28.5 ± 28.9
a
s
p
r
h
i
d
o
F
F120 B  5.8 ± 2.1 
a Note: G, graphite; , ferrite; P, pearlite.
nd consequent growth could lead to excessive variations in semi-
olid behavior, resulting in a less controlled and less reliable
rocess.
Based on the qualitative metallographic analysis, which
evealed that the secondary phase surrounding the primary phase
ad a more dendritic morphology at 1180 ◦C, the semi-solid behav-
or was expected to differ at the two temperatures. However, the
ata obtained from the quantitative characterization indicated the
pposite, i.e., a similar semi-solid behavior.
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ig. 6. Morphological stability of graphite and ferrite phase proportions in
e–2.6 wt%C–1.5 wt%Si at: (a) 1160 ◦C and (b) 1180 ◦C.2.1 ± 1.3 92.0 72.7 ± 88.9 19.2 ± 23.2
The heterogeneity of the as-cast structure makes it difﬁcult to
predict its semi-solid behavior based on a morphological char-
acterization. Therefore, the question remains: Is the rheological
behavior more dependent on the morphological structure or on the
processing temperature of the treatment, and hence, on the solid
fraction?
Fig. 8 illustrates the semi-solid behavior in terms of
stress vs. strain and apparent viscosity vs. shear rate of
Fe–2.6 wt%C–1.5 wt%Si heated to the semi-solid state at 1160 and
1180 ◦C for holding times of 0, 30, 90 and 120 s.
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Fig. 7. Morphological stability of interdendritic arm spacing and average graphite
particle size of Fe–2.6 wt%C–1.5 wt%Si at: (a) 1160 ◦C, and (b) 1180 ◦C.
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tig. 8. Semi-solid behavior in terms of stress vs. strain (“a” and “c”) and apparent vi
t  1160 and 1180 ◦C for holding times of 0, 30, 90 and 120 s.
First, it should be noted that, in both conditions, the samples
ere covered with an oxide layer that gave the material sufﬁcient
nitial mechanical strength to withstand its self-weight. This oxide
ayer, as well as the remaining primary phase dendritic skeleton,
llows for easy handling of the material from the induction furnace
o the compression testing machine without causing deformation
f the sample, unlike tested aluminum alloys, which start to deform
t higher temperatures (Zoqui et al., 2004). At 1160 ◦C, the material
xhibited a slight initial resistance to deformation, which was  sub-
equently overcome, whereupon deformation occurred at a lower
evel of stress. This initial resistance can be attributed to the oxide
ayer and/or the still intact dendritic skeleton. In the present case
his initial resistance could be attributed to the combination of both.
till, this behaviour is consistent with the semi-solid behaviour of
he M2  and HP9/4/30 high performance steels evaluated by Omar
t al. (2011),  that presents the same initial response.
For all experiments, it was not observed any slumping or bar-
elling during the heating up to the semi-solid phase, as well as, the
ommon liquid segregation phenomena. In the commercial thixo-
orming this is not desired and further work should be required to
dentify the appropriate processing conditions.
Fig. 8a and c also show the dependence of stress on the holding
ime at both temperatures. First, at the lower temperature, defor-
ation began with the breaking of the oxide layer (formed around
he samples) and the dendritic skeleton. At a holding time of 0 s,
he layer was thin and did not require high stress to break, and vs. shear rate (“b” and “d”) of Fe–2.6wt%C–1.5wt%Si heated to the semi-solid state
the formation of the skeleton is still incomplete. However, with
longer holding times, greater stress is needed to break this layer.
Moreover, the longer holding times at 1160 ◦C probably facilitated
contact among the solid particles, thus strengthening the dendritic
skeleton. In this case, greater stress is required to overcome both
obstacles. At 1180 ◦C, there is a larger amount of liquid phase and,
despite the oxide layer, the amount of liquid phase sufﬁces to
destroy the skeleton, while the oxide layer is not sufﬁciently strong
to withstand the stress.
It is also important to notice that, the oxide layer may  well be
preventing the collapse of the billet, but if it is that resistant to
deform, a more sophisticated version of Eqs. (1)–(4) may  well be
required, because the oxide skin will in fact be resisting to the
compression. Further developments should be done in order to
determined how this layer behaves as well how affects the semi-
solid behaviour.
In addition, at 1160 ◦C and 30% deformation, the liquid phase
is expelled outwards from the center, at which point interparticle
contact begins, increasing the stress required to deform the mate-
rial. As deformation continues, greater stress is required until the
end of the process. However, at this lower temperature, few areas
with entrapped liquid remain, and as deformation continues, the
remaining liquid is expelled, leading to secondary interparticle con-
tact between particles and increasing the stress up to the end of
the deformation process. After this second liquid phase expulsion,
the stress rises to its highest level, which, in this case, is 35 MPa
1 cessing
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t 80% deformation. The 1180 ◦C condition does not show this
ehavior and material ﬂows at much lower stress up to 50% defor-
ation. The liquid phase is expelled continuously to the boundaries
nd the same phenomenon of interparticle contact is observed. As
eformation continues, the stress increases up to 22 MPa  at 80%
eformation.
Clearly, the material’s rheological behavior is highly dependent
n temperature. This conﬁrms that, for this particular alloy, the DSC
echnique, which indicates 58 and 75% of liquid at 1160 and 1180 ◦C,
espectively, is more reliable. Only this 17% of liquid phase could
xplain the difference of 10 MPa  required to deform the material
p to 80%. Nevertheless, it should be kept in mind that the conven-
ional hot forging process requires from 380 to 570 MPa  for ordinary
e–C steel. The maximum stress required for the thixoforming pro-
ess reported here was 35 MPa  at the lower temperature, i.e., less
han 10% of the stress required in conventional hot forging.
The analysis of apparent viscosity vs. shear rate revealed a
imilar behavior. The viscosity tended to increase at the onset of
eformation, and to decrease abruptly at the shear rate correspond-
ng to the higher strain (without signiﬁcantly increasing the stress).
he contact among solid particles also explains the subsequent
ncrease in viscosity and the semi-solid behavior: a decrease in vis-
osity from 106 Pa s to 2 × 105 Pa s at the lower temperature and
tabilization near 2 ×105 Pa s at the higher temperature. It should
e noted that this viscosity is similar to that of the A356 aluminum
lloy described in a previous paper (Paes and Zoqui, 2005; Zoqui
t al., 2008), i.e., similar to the glass working range shown by Lax-
anan and Flemings in 1980. Moreover, the higher amount of
iquid fraction at 1180 ◦C resulted in a more homogeneous semi-
olid behavior, independently of the holding times tested. At the
ower temperature, viscosity appeared to be more dependent on
he holding time.
. Conclusions
The Fe–2.6wt%C–1.5wt%Si cast iron designed speciﬁcally for
his research exhibited a promising potential as a thixoformable
aterial. At high temperatures of 1160 and 1180 ◦C, within the
emi-solid range required for the thixoforming process, the struc-
ure presented good stability without signiﬁcant changes in the
ize and shape of the primary  phase or the graphite structure.
t these temperatures, the material’s stability was also proven
y its low sensitivity (dfL/dT), which suggests minor changes of
.0058 (minimum) and 0.0126 ◦C−1 (maximum), according to the
SC technique. The corresponding stress required for the thixo-
orming process is quite low, i.e., 35 MPa  and 22 MPa  to achieve
0% of deformation. The apparent viscosity of 106 Pa s at 1160 ◦C
nd 2 × 105 Pa s at 1180 ◦C was similar to the semi-solid behavior
f A356 aluminum. In view of the stability of the microstructure in
he semi-solid range, the material also proved to be less depen-
ent on soak time, without signiﬁcant changes in stress and/or
orresponding viscosity.
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